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Abstract

The frequent occurrence of monsoon winds usually leads to the formation of inverted soybean leaves. However,
the effect of leaf inversion on photosynthetic capacity remains unclear. The responses of leaf anatomical traits,
chlorophyll fluorescence induction kinetics parameters, photosynthetic capacity, and nonstructural carbohydrates of
fully expanded leaves to inversion of leaves in two soybean cultivars were studied. Leaf inversion decreased the
stomatal size and thickness of developed leaves. The net photosynthetic rate was significantly reduced under leaf
inversion, which resulted from reduced excitation energy trapping and electron transport of PSII reaction center.
Leaf inversion increased leaf temperature 10 d after leaf inversion but reduced the instantaneous water-use efficiency
compared to normally oriented leaves. Due to the decreased light-saturated net photosynthetic rate, the soluble sugars
of light-sensitive cultivar decreased significantly. In summary, leaf inversion deactivated the PSII reaction centers,
reduced photosynthesis and nonstructural carbohydrates in upper canopy soybean leaves.
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Introduction food and animal feed (Cai et al. 2020). Soybean is

commonly grown in arid farming systems, accounting
Soybean is a versatile crop grown worldwide. Soybean for 44% of China's total yield (Couée et al. 2006, Isoda
meal is the leading protein and energy source for human et al. 2006). The frequent occurrence of monsoon winds
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usually leads to the inversion of soybean leaves, exposing
the abaxial leaf surface to direct solar radiation, resulting
in a decrease in plant photosynthesis (Zhang et al. 2016,
Paradiso et al. 2020). Therefore, investigating the effect of
leaf inversion on foliar anatomy traits and photosynthetic
capacity will provide a theoretical basis for exploring a
possible methodology for alleviating the decrease in plant
photosynthesis caused by monsoon winds.

Insoybean, solar radiation commonly strikes the adaxial
leaf surface, and most of the chloroplasts are concentrated
in the palisade tissue. The diffuse solar radiation, which
reaches the leaf's abaxial surface, can enhance primary
plant productivity, but it is less efficient under diffuse than
direct light (Martin et al. 2009, Ichiro et al. 2016, Earles
et al. 2017, Richardson et al. 2017, Paradiso et al. 2020).
The leaf's abaxial surface usually receives 10% of the light
intensity and the leaf inversion exposes the abaxial leaf
surface to more potent solar radiation energy and broader
spectra (Paradiso and Marcelis 2012, Paradiso et al. 2020).
The abaxial and adaxial surfaces of leaves respond to high-
energy direct solar radiation and lower-energy diffuse
solar radiation varies in the light environment because of
leaf anatomical traits (Paradiso and Marcelis 2012, Nazar
et al. 2015, Pan and Guo 2016, Paradiso et al. 2020). The
responses of photosynthesis and stomatal behaviors to the
light intensity of the abaxial and adaxial sides have been
reported in various plants (Soares-Cordeiro et al. 2011,
Wang et al. 2011, Paradiso et al. 2020). Effect of simulated
leaf inversion on foliar anatomical traits, photosynthesis,
and nonstructural carbohydrates in soybean leaves remains
unclear.

It is generally accepted that solar radiation is the most
critical environmental factor affecting foliar anatomical
traits and photosynthesis of leaves (Wu et al. 2017,
Matthews et al. 2018, Yang et al. 2018). The most
crucial stage for the accumulation of soybean storage
components is the seed-filling stage (Chen et al. 2020) and
the interaction between leaves and the light environment
is fundamental for the energy balance of soybean plants
(Tamagno et al. 2020). Leaf photosynthesis depends on
gas exchange, CO, diffusion (Ellsworth et al. 2018), and
carbon fixation (Ruiz-Vera et al. 2013). Leaf stomatal
characteristics and the thickness of palisade tissue and
sponge tissue constrained the evaporation, gas exchange,
and CO, assimilation rate (Sefton e al. 2002, Terashima
et al. 2011, Chen et al. 2015, Verboven et al. 2015,
Flexas et al. 2018, Xiong et al. 2018, Lawson and Vialet-
Chabrand 2019). The thicknesses of palisade and spongy
tissues are strongly affected by light intensity (Bahamonde
et al. 2018) and nitrogen and phosphorus contents (Li et al.
2017). Previous results have shown that thicker palisade
tissues have higher photosynthetic efficiency (Chen et al.
2015). However, other studies have suggested that thicker
leaves do not always accompany high photosynthetic
capacity, owing to the efficiency of CO, diffusion from
the air to the chloroplast (Earles ef al. 2018, Flexas et al.
2018, Ellsworth ez al. 2018) and adaptive strategies when
plants are subjected to abiotic stress (Wu er al. 2017,
Feng et al. 2019). Stomata are mainly distributed on the
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abaxial surface and effective control of stomatal opening
and closure significantly impacts leaf gas exchange, water
balance, leaf temperature, and photosynthesis (Diiring
2003, Voelker et al. 2016).

The abaxial surface of leaves is more susceptible
to energetic solar radiation than the leaf adaxial surface
because the stomata are mainly distributed on the abaxial
surface (Li et al. 2010, Wang ef al. 2020). When the abaxial
surface of leaves is exposed to energetic solar radiation,
the plant reduces the stomatal size and gas exchange
actively to reduce leaf water loss. The light sensitivity of
the abaxial surface of leaves cannot be entirely changed
by an inversion treatment (Wang et al. 2011, Zhang et al.
2016). Solar radiation that reaches the leaf's abaxial surface
causes irreversible reductions in plant photosynthesis
and accumulation of seed-filling carbohydrates (Li et al.
2010). Previous studies have reported that leaf inversion
reduces the effective regulation of stomatal opening and
closure (Aasamaa and Aphalo 2017, Lawson and Vialet-
Chabrand 2019), and thus affects the intercellular CO,
concentration (C;), leaf water loss, photosynthetic carbon
fixation capacity, and the accumulation of plant biomass
(Kromdijk et al. 2016). Notably, short-term leaf inversion
reduces the net photosynthetic rate (Px) by 20 to 30%
(Turner and Singh 1984). In addition to these results,
an exploration of how leaf inversion affects soybean
photosynthesis is crucial for improving leaf photosynthesis
in dryland farming systems.

The leaf's abaxial surface, which is exposed to direct
solar radiation, naturally occurs as leaves sway because
of monsoon winds. The application of leaf inversion
to simulate the frequent occurrences of the effects of
monsoon wind on leaf anatomical traits and photosynthesis
capacity can provide a theoretical basis for exploring a
possible methodology for alleviating the decrease in plant
photosynthesis caused by monsoon winds. The present
study aimed to investigate the responses of foliar anatomical
traits, photosynthetic capacity, Chl fluorescence induction
kinetics parameters, and nonstructural carbohydrates of
fully expanded main stem leaves to light intensity and leaf
inversion in two soybean cultivars with sensitivity to light
intensity. We hypothesized that the frequent occurrence
of monsoon winds leads to the inversion of soybean
leaves at the grain-filling stage, which would reduce the
gas exchange from the atmosphere to the primary sites of
carbon fixation in the chloroplasts of soybean leaves.

Materials and methods

Experimental site: During the 2018 and 2019 cropping
seasons, a field experiment was conducted at the experi-
mental station (43°50'N, 80°04'E) of the Yili Institute of
Agricultural Science, a typical dryland region in China.
The annual accumulative rainfall for 2018 and 2019 was
226.1 and 203.2 mm, respectively. The experimental
station's annual sun hours were 2,886.7 h, and the
average solar radiation at noon was 2,100 pmol(photon)
m~ s in 2019. The experimental site, located at mid-

latitude westerlies, and the soybean in this growing area
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frequently suffer from summer monsoon winds, leading
to soybean leaf inversion, exposing the abaxial side
of the leaf to the more energetic direct solar radiation
[2,102 umol(photon) m= s at noon]. According to the
Food and Agriculture Organization (FAO) soil taxonomy,
the soil at the experimental site is a typical sandy loam. The
root available soil N, P, and K contents were 54.8 g kg,
17.3 g kg, and 103.0 g kg™', respectively. The total N,
P, and K were 0.4 mg kg™', 1.1 mg kg™!, and 5.2 mg kg™,
respectively. Soil N, P, and K contents were measured
using the Kjeldahl digestion method, Bray method, and
flame emission spectrophotometry, respectively (Yang
et al. 2020).

Experimental design: Two widely grown soybean cul-
tivars, Xindadou27 (XD27) and Jiyu60 (JY60), were
used as experimental materials. These two soybean
cultivars had similar plant heights (80-85 cm) and growth
periods (110-115 d). In a historical set of cultivars, the
photosynthetic rate (Pyn) of JY60 decreased more rapidly
in the leaf inversion treatment than in XD27. Therefore,
JY60 is a light-sensitive cultivar that was introduced by the
Heilongjiang Academy of Agricultural Sciences of China
(45°58'N, 126°48'E). Xindadou27 is a light-insensitive
cultivar that was released from the Xinjiang Agricultural
University of China (43°57'N, 87°57'E). The split-plot
experiment consisted of two treatment combinations with
three replications each, two leaf inversion treatments
as the main plot, and two light-sensitive cultivars as
a subplot. Each plot was 4 m wide and 10 m long. For
each treatment, 200 fully expanded leaves in the main
stem were labeled with a tag at the seed-filling stage and
fixed with a soft clip. These were labeled as the main plot,
with the abaxial surface of the leaves exposed to direct
solar radiation, while for the control group, regularly
oriented fully expanded main stem leaves were used. Leaf
inversion treatment was started from the soybean RS stage
to maturity. The labeled leaves were the fourth leaves
from the top of the plant. The fourth leaf in the soybean
plant received light intensity of 2,126 pmol(photon)
m2 s' of PPFD at noon. The leaf anatomical traits,
photosynthetic capacity, and carbohydrate level responses
to leaf inversion were determined. During the 2018 and
2019 cropping seasons, both XD27 and JY60 were sown
on 11 April, with a density of 32.0 plants m=. The row
spacing was 40 cm, and the plant spacing was 8 cm.
A drip irrigation system was applied to irrigate each plot
and the total amount of irrigation was 3,000 m*> hm=.
Nitrogen and phosphate were applied at the recommended
rates of 144 kg(N) ha™' and 103 kg(P,Os) ha™!, respectively,
using urea (46% N) and diamine phosphate (18% N
and 46% P,0Os). A total of 28.1% of N and all of the P
were applied at sowing. The remaining N was applied at
103.5 kg(N) ha™! by drip irrigation at the soybean R1 stage.
Pest refers to local high-yielding practices.

Leaf anatomical structure: Leaf samples for both treat-
ments were collected 10 d after the leaf inversion. The
collected leaf samples were washed and fixed using a
50% formalin—acetic acid—alcohol (FAA) fixing liquid,

498

consisting of 90% ethanol, 5% formaldehyde, and 5%
glacial acetic acid, at 4°C for 1 d. The collected leaf
samples were dehydrated with a graded series of
ethanol (100, 95, 90, 80, 70, 60, and 50%) for 20 min.
The dehydrated samples were dried using a freeze dryer
instead of tertial-butanol. Field emission scanning electron
microscopy (FESEM) of model Zeiss SUPRA 55-VP
(Konigsallee, Germany) was used to scan the leaf cross-
sections and abaxial surfaces of the collected leaf samples.
The stomatal length, stomatal width, stomatal size,
palisade tissue thickness, and spongy tissue thickness were
quantified using ImageJ software (Rawak Software Inc.,
Stuttgart, Germany).

Photosynthetic traits: The adaxial surface of fully
expanded leaves in the main stem for both treatments
were illuminated when they were inside the CIRAS
chamber in both treatments. The Py, transpiration rate (E),
stomatal conductance (g.), Ci, and instantaneous water-use
efficiency (WUE) were measured from both treatments
at 0, 2, 5, 10, 15, and 20 d after leaf inversion using a
portable photosynthesis system (CIRAS-3, PP Systems,
UK). Steady-state photosynthesis was achieved after the
leaves were clamped for 5 min, and the photosynthetic
parameters were recorded at 1,800 pmol(photon) m= s
light intensity, 400 + 5 pmol mol~ CO,, and 70% humidity
between 11:00—13:00 h (for details, see Wang et al. 2008).
The instantaneous WUE was measured on the abaxial
surface of leaves, and it was calculated using the following
equation: WUE = Py/E, where Py is the net photosynthetic
value and E represents the rate of leaf transpiration. The
leaf temperature (Ti..f) was measured using an infrared
thermometer (D78380, Anymetre, China).

Photosynthetic light-response curves: Photosynthetic
light-response curves of fully expanded leaves in the main
stem of soybean were measured 10 d after leaf inver-
sion using a portable photosynthesis system (CIRAS-3,
PP Systems, London, UK) between 11:00-13:30 h at the
soybean R5 expanding stage. The Py was recorded at
PPFDs of 2,000; 1,800; 1,500; 1,200; 1,000; 800, 600,
400, 200, 150, 100, 50, 30, and 0 pmol(photon) m= s,
respectively. These measurements were recorded at a
fixed CO, concentration of 400 + 5 pmol mol™! using CO,
cylinders. The photosynthetic light-response curves can be
fitted with a nonlinear hyperbolic model (Farquhar et al.
2001), as follows:

Px(l)= ol + Prims — (01 + PN;:)OLI + Prmax — 40l Prmax 2

where a is the apparent quantum yield (AQY), I represents
the photosynthetic photon flux density (PPFD), Pumax
is the maximum net photosynthetic rate, Rp is the dark
respiration rate, and 0 is the convexity. Linear regression
analysis was performed using SPSS version 19.0 software
(IBM, Chicago, Illinois, USA) in the PPFD of 0 to
2,000 pmol(photon) m~=s!. The crossover point of this line
with the x-axis (photosynthetically active radiation, PAR)
was the light-compensation point [LCP, umol(photon)



m~ s7'], whereas the corresponding x-axis value for the

crossover points along the y-axis was the light-saturation
point [LSP, umol(photon) m= s™'].

The diurnal variation of the Py and T\..s were determined
onthree fully expanded main-stem leaves for each plotusing
a CIRAS-3 Portable Photosynthesis System (CIRAS-3,
PP Systems, UK) on bright days. The leaves were the fourth
leaves from the top of the plant. [llumination was provided
by sunlight, and the photosynthetic rate was recorded 15 d
after treatment from 8:00-18:00 h, at 2-h intervals.

Fluorescence parameters: The rapid Chl a fluorescence
induction kinetics of fourth fully expanded leaves were
measured 10 d after treatments using a plant efficiency
analyzer (Pocket-PEA, Hansatech, Norfolk, UK) between
11:00-13:00 h. After leaf samples for each treatment were
acclimatized to the dark for 30 min using a fixing leaf
clip, the samples were illuminated with a saturating light
pulse of 3,000 pmol(photon) m> s™! for 2 s, provided by
an array of three light-emitting diodes (650 nm). The fast
Chl a fluorescence kinetics was recorded from 10 ps to
1 s, the fluorescence intensity at 20 ps (Fo), 300 ps (Fk),
and 2 ms (F;) were collected, and all the collected data
were analyzed using the program PEA Plus to obtain
JIP-test parameters (Yusuf ef al. 2010). These include
F./Fs, maximum quantum yield of PSII; RC/CS, relative
number of active PSII reaction centers per excited cross-
section (CS); TRy/CS, trapped energy flux per CS at
t = 0; ETo/CS, electron transport flux per CS at t = 0;
ABS/RC, absorption flux per reaction center (RC) at
t=0; TRo/RC, trapped energy flux per RC att=0; ET(/RC,
electron transport flux per RC at t = 0; Pl,,, performance
index on absorption basis; Plgw, efficiency of energy
conservation from absorbed photons to reduction of PSI
end acceptors.

The Chl a fluorescence rise kinetics (OJIP) parameters
were normalized between Fo and Fx expressed as Vox
[Vok = (Fi— Fo)/(Fk — Fo), 20-300 ps], and between Fo and
F; expressed as Vo, [Voy = (Fi—Fo)/(F;—Fo), 20 us to 2 ms];
finally, the differences between the transients expressed
as AVok [AVok = Vok (treatment) — Vox (control)] and
AVo; [AVoy = Vo (treatment) — Vo, (control)] were
determined to visualize the so-called L-band and K-band
(Dalberto et al. 2017).

Chlorophyll (Chl) content: The leaves for both treatments
were collected and freeze-dried to measure the contents
of leaf Chl and soluble carbohydrates. Leaf Chl was
extracted with ethanol and assessed spectrophotometrically
following the method of Lichtenthaler (1987). The Chl 4,
Chl b, total Chl, and total carotenoids were calculated using
following formulas: Chl @ = 13.95 ODgss — 6.88 ODeuo,
Chl b = 24.96 OD549 - 732 OD665, Car = (1,000 OD47() —
2.05 Chl a — 114.8 Chl 5)/245, Chl = Chl a + Chl b.

Nonstructural carbohydrates: The soluble sugars were
extracted with 80% ethanol and quantified using the
anthracene sulfuric acid method (Yang ef al. 2017). In
brief, 0.1 g of dried and powdered samples were extracted
three times with 80% ethanol in a water bath at 80°C.
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Measurements were recorded in a 96-well polystyrene
plate using a Benchmark microplate reader (Bio-Rad.,
Inc., California, USA) and quantified using glucose as a
standard. The insoluble ethanol residue was used to extract
the starch (Yang e al. 2017). The dried residue was kept
in a boiling water bath for 15 min, and then hydrolyzed
with 9.2 M HCIO, for 15 min and extracted again using
2 mL of 4.6 M HCIO, for 10 min. The supernatants were
mixed, and the insoluble ethanol starch was measured
spectrophotometrically at 620 nm using D-glucose as the
standard.

Statistical analysis: All statistical data from the experiment
were analyzed by two-way analysis of variance (ANOVA)
using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA).
All data are presented as the mean + standard error, and
the means were compared using least significant difference
(LSD) tests, “P<0.05, *“P<0.01, in which the leaf inversion
was set as the main plot, and the cultivars were set as the
subplot. Graphs were plotted using SigmaPlot software
version 12.5 (Systat Software, Inc., San Jose, California,
USA). The contributions of each predictor variable to the
decrease of Py were analyzed by dominance analysis.

Results

Microstructure of soybean leaves: Microscopic observa-
tion of leaf cross-sections showed that leaf inversion
significantly affected the palisade tissue of soybean leaves
(Fig. 1, Table 1). The spongy mesophyll tissues of the leaf
inversion treated plants were loosely attached, while the
spongy mesophyll tissues of control plants were columnar,
vertically oriented, and tightly packed. Microscopic

Normally oriented leaf Leaf inversion

XD27 JY60

Fig. 1. The abaxial surface (4,C,D,F) and cross-sections (B,E)
of the fourth main stem leaf for both leaf inversion and control
plants for soybean cultivars XD27 and JY60: (4—C) represent
normally-oriented leaves; and (D—F) represent the leaf inversion
treatment. P — palisade tissue; S — spongy tissue.
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observation of the leaf's abaxial surface showed a withered
and wrinkled abaxial surface. The stomatal size was
significantly lower than that of the control plants in 2018
and 2019.

The ANOVA showed that the leaf anatomical traits
were significantly affected by leaf inversion, but not by
the cultivar and their interactions (Table 1). Average
leaf inversion treatments in the two growing seasons,
the stomatal length, stomatal width, stomatal size, and
thickness of the palisade and spongy tissues of XD27 were

13.3, 48.5,42.7, 19.3, and 13.0% lower, respectively, than
those of the control plants, and 16.9, 51.8, 31.9, 16.5, and
14.0% lower than those of the JY60 plants. However, there
was no significant difference in stomatal density and the
ratio of palisade and spongy tissue between the treatments
for both cultivars.

Photosynthetic characteristics: Our results showed that
the thicknesses of the palisade tissue and mesophyll cells
were decreased by leaf inversion. Our experiments first

Table 1. Effects of leaf inversion on the leaf microstructure traits of soybean cultivars at 10 d after treatment. XD27 and JY60 represent
soybean cultivars Xindadou27 and Jiyu60, respectively. PT/ST — the ratio of palisade tissue thickness to spongy tissue thickness.
Data are expressed as means + SE (n = 6). Values with different letters in a single column indicate a significant difference at P<0.05.
** indicates significant difference at the 0.01 probability level, and NS means nonsignificant difference (P>0.05).

Cultivar  Treatments Stomatal Stomatal Stomatal Stomatal Palisade tissue Spongy tissue PT/ST
length [um]  width [um]  size [um?] density [mm™] thickness [um] thickness [pum]

XD27 CK 12.70 £0.28 4.93+0.16* 43.65+2.05* 243.50+ 14.09* 114.28 £3.02* 83.37+2.85° 1.40+0.66
Leafinversion 11.01 £0.47° 2.54+£0.29* 25.03£2.76° 236.35+25.15* 92.19+1.33> 72.50+2.76" 1.30+0.54*

JY60 CK 12.84+£0.45* 5.10+0.26* 41.56+3.12* 21432+4.61° 111.08+3.27° 84.31+3.80° 1.35+0.09
Leafinversion 10.67 £0.62° 2.46+0.36°* 28.29+1.87° 213.35+8.82*  92.74+1.76> 72.51+3.94* 1.31+0.08"

Source of variance

Leaf inversion (T) *x *E oK NS *E wx NS

Cultivars (C) NS NS NS NS NS NS NS

TxC NS NS NS NS NS NS NS
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Fig. 2. Effect of leaf inversion on the
photosynthetic characteristics of soybean
cultivars XD27 and JY60 in the 2018
and 2019 cropping seasons. Data are
expressed as means = SE (n = 3). Py — net
photosynthetic rate; C; — intercellular CO,
concentration; g; — stomatal conductance;
E — transpiration rate. * represents signifi-
cant difference at the 0.05 probability level,
and NS means nonsignificant difference
(P>0.05).


http://www.baidu.com/link?url=3dZNuFhG7weydDnJF3p7Gf7yBtPwzXmYYjdqDVGxXY6_tk6pRBCKBsQ9c9klNmTeUEdSeFmHw-1OVCn-zYKkH_

measured the changes in the photosynthetic parameters
of the two soybean cultivars (Fig. 2). The Py of XD27
and JY60 was 22.3 and 29.3% lower in the leaf inversion
treatments than that in the control plants. The g; of the
XD27 and JY60 plants were 24.6 and 21.2% lower,
respectively, in the leaf inversion treatment than that
in the control plants. However, there was no significant
difference in the C; and E, except for the £ observed in
JY60. The dominance analysis showed that the decreased
g explained 52.0% of the total variation in Py, followed
by E (15.2%), WUE (13.3%), Ticar (12.7%), and C; (6.9%).

Diurnal pattern of net photosynthetic rate: The diurnal
variation of Py was observed 15 d after leaf inversion to
investigate the influence of daily light intensities on the Py
of leaves (Fig 3). Based on the leaf inversion treatments in
the two growing seasons, the average Py values of XD27
and JY60 were 37.2 and 29.9%, respectively, which were
lower in the leaf inversion treatments than that in the
control plants. Notably, there was no significant difference
between treatments at 8:00 h, and the maximum differences
between treatments were observed from 10:00-14:00 h
[2,095 umol(photon) m= s7'] for both cultivars (Fig. 3).

Instantaneous water-use efficiency: The WUE was cal-
culated to clarify the leaf inversion effect on the stomatal
water exchange of soybean leaves (Fig. 3). The WUE of
XD27 decreased after leaf inversion, whereas the WUE
of JY60 increased 10 d after treatment, with peak values
of JY60 higher than XD27. Based on the leaf inversion
treatments in the two cultivars, the average WUE observed
10 and 15 d after leaf inversion was 26.3 and 28.9%,
respectively, which were lower than that in the control
plants.

Leaf temperature: Given that leaf inversion leads to
smaller stomatal dimensions and reduced WUE, our
studies further investigated the daily T\..r changes (Fig. 4).
Averaging the leaf inversion treatments in the cropping
seasons, the T.,r of XD27 and JY60 in the leaf inversion
treatments were 7.2 and 8.1% higher than that of the control
group and there was no significant difference between the
leaf inversion treatments at 0, 2, and 20 d after treatment.
The daily variations in T.r showed significant differences
between leaf inversion treatments at 10:00, 12:00, and
14:00 h. Averaged across years, the T, of XD27 and JY60
were 4.8 and 6.8% higher than that of the control plants at
12:00 h.

The photosynthetic light-response curves were well-
fitted by the rectangular hyperbolic model, as indicated
by the coefficient of determination (R?) values higher than
0.997 for both cultivars (Table 2, Fig. 5). The ANOVA
showed that the Pnmax, AQY, Rp, LCP, and LSP were
significantly affected by leaf inversion, but not by the
cultivar and their interactions. The Pma.x of XD27 and JY60
decreased by 28.8 and 34.8%, respectively, compared with
that of the control plants. The values of AQY in XD27 and
JY60 decreased by 16.3 and 23.5%, respectively, compared
with that of the control plants. The leaf inversion treatment
decreased the LCP by an average of 18.1% for JY60 and

PHOTOSYNTHESIS OF SOYBEAN UNDER LEAF INVERSION

Fig. 3. Diurnal pattern of the net photosynthetic rate and
instantaneous water-use efficiency (WUE) at 15 d after treatment
in the 2018 and 2019 cropping seasons. XD27 and JY 60 represent
soybean cultivars, Xindadou27 and Jiyu60, respectively. Data are
expressed as means + SE (n = 3). * indicates significant difference
at the 0.05 probability level, and NS means nonsignificant
difference (P>0.05).

there was no significant difference observed for the LCP of
XD27. The leaf inversion treatment decreased the LSP and
the range of light-compensation point to light-saturation
point (LCP—LSP) by averages of 14.2 and 14.7%.

Chl a fluorescence transient curves: Absorption per
excited cross-section (ABS/CS), electron transport flux
per reaction center (ETo/RC), and maximum quantum
yield of PSII (F./F.,) remained unchanged, but the electron
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Fig. 4. Effect of leaf inversion on leaf temperature with days after
treatment (4) and time of day (B) of XD27 and JY60. Data are
expressed as means + SE (n = 3). * indicates significant difference
at the 0.05 probability level, and NS means nonsignificant
difference (P>0.05).

transport per excited cross-section (ETo/CS) and active PSII
reactions per excited cross-section (RC/CS) significantly
decreased. For both cultivars, absorption flux (ABS/RC)
and trapped energy flux per reaction center (TRo/RC)
significantly increased. Leaf inversion decreased the Pla
and Pl by 53.9 and 57.8%, respectively. The differential
inductance curves of the O—K phase (AVok) and O—J phase
(AV o)) indicated changes (0.076 rel. units) that occurred in
0.15 ms, and the AV, indicated that changes (0.137 rel.
units) occurred in 0.25 ms. The path analysis indicated that
RC/CS (0.643) played a critical role in Py reduction under
leaf inversion.

Nonstructural carbohydrates and leaf Chl content: In
cultivar JY60, leaf inversion resulted in significantly lower
contents of Chl a, Chl b, total Chl, and carotenoid at 10, 15,
and 20 d after leaf inversion, while there was no significant
difference between the treatments in cultivar XD27 (Fig. 6).
The average Chl a, Chl b, total Chl, and carotenoid contents
of JY60 were 19.3, 19.1, 19.3, and 13.2% lower after the
leaf inversion treatments than that in the control plants at
10, 15, and 20 d after treatment.

Leaf inversion reduced the soluble sugar and starch
contents in the leaves of XD27 and JY60 at 20 d after leaf
inversion (Fig. 6). In contrast, there were no significant
differences between the treatments at 0 d after treatment.
The average soluble sugars of XD27 and JY60 were
13.3 and 14.5%, respectively, lower in the leaf inversion
treatments than that in the control plants at 20 d after
leaf inversion. The average starch content of XD27 and
JY60 in the leaf inversion treatments was 16.2 and 12.2%,
respectively, lower than that of the control plants at 20 d
after leaf inversion.

Discussion

Several studies have demonstrated that the contribution of
the adaxial and abaxial surfaces of leaves to Py varies with

Table 2. Photosynthetic light-response parameters of soybean leaves with leaf inversion and cultivars at 10 d after treatment. XD27
and JY60 represent soybean cultivars of Xindadou27 and Jiyu60. Pxm.x — maximum net photosynthetic rate; Rp — dark respiration rate;
AQY - apparent quantum yield; LCP — light-compensation point; LSP — light-saturation point; LCP-LSP — the range of light-
compensation point to light-saturation point. Different letters indicate a statistically significant level at P<0.05. * and ** indicate
significant difference at the 0.05 and 0.01 probability levels, respectively, and NS means nonsignificant difference (P>0.05). Data are

expressed as means + SE (n = 6).

Cultivar  Treatment Primax Rp AQY LCP LSP LCP-LSP
[wmol(COy,) [wmol(COy,) [mol(COy) [umol(COy) [umol(CO») [umol(CO»)
m2s] m?s] mol(photon)]  ms™] m?s'] m? ]

XD27 CK 41.3+1.3° 3.2+0.3® 0.049 £ 0.001®  59.1 +£2.3¢ 909.9 £43.2*  850.8 +47.5°

Leaf inversion 29.4 +0.4° 2.5+0.4® 0.041 £0.003>*  56.5+ 1.8 786.5 £33.6>  730.0 + 53.5%

JY60 CK 41.4+1.3° 2.8+£0.3" 0.051+0.002*  48.0+1.7° 860.8 £ 16.1®  812.9 + 16.4®

Leafinversion 27.0 £2.5% 1.7+0.1° 0.039+0.001¢ 393 +£23¢ 732.3+152¢  693.0+71.0°

Source of variance

Treatment (T) * * * * * HoE

Cultivar (C) NS NS NS NS NS NS

TxC NS NS NS NS NS NS
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Fig. 5. Net photosynthetic rate (Px)—photosynthetically active
radiation (PAR) response curves (4), Chl a fluorescence transient
curves (B), and fluorescence parameters (C) for XD27 and JY60
under leafinversion treatment in 2019. Chlorophyll a fluorescence
transient curves normalized between Fo and Fx expressed as Vox
[Vok = (F. — Fo)/(Fx — Fo)], between Fo and F, expressed as Vo,
[Vos= (F.— Fo)/(F;— Fo). AVox = Vox (treatment) — Vox (control).
XD27 and JY60 represent soybean cultivars Xindadou27 and
Jiyu60, respectively. F,/F,, — maximum quantum yield of PSII;
RC/CS - relative number of active PSII reaction centers per
excited cross-section (CS); TRy/CS — trapped energy flux per
CS at t = 0; ETo/CS — electron transport flux per CS at t = 0;
ABS/RC — absorption flux per reaction center (RC) at t = 0;
TRo/RC — trapped energy flux per RC at t = 0; ETo/RC — electron
transport flux per RC at t = 0; Pl — performance index on
absorption basis; Pl — efficiency of energy conservation from
absorbed photons to reduction of PSI end acceptors. * indicates
significant difference at the 0.05 probability level, NS — not
significant. Bars mean standard error (SE; n = 3).

growth conditions, genetic traits, and plant species (Martin
et al. 2009, Soares-Cordeiro et al. 2011). Alternating
adaxial, abaxial, and adaxial irradiation to simulate wind-
induced leaf swaying has demonstrated that the abaxial
surface of leaves exposed to direct solar radiation decreased
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the Py on both sides of the leaves (Zhang et al. 2016). In
this study, leaf inversion significantly decreased Py and g;
but not C; and thus, one can conclude that stomatal closure
is the primary reason for the reduced g;. The reduced g; in
turn downregulated Py which agrees with Pandey et al.
(2007). Our view that changes in leaf anatomy determine
photosynthesis reduction appears to agree with a previous
study (Martin et al. 2009). The spongy mesophyll tissues
are located on the abaxial side of the leaves, which are
the active sites for gas exchange. The palisade mesophyll
tissues are located on the adaxial surface of the leaves,
which is the active site for light absorption (Evans 1999,
Li et al. 2007). In this study, leaf inversion reduced
stomatal size, stomatal density, palisade tissue, and spongy
tissue thickness, partly explaining the decreased Py in leaf
inversion treatments. Similar results were also observed
in trees and herbs (Zhang et al. 2016), suggesting that
alternating adaxial and abaxial surfaces suppressed Phi.
These results suggest that the leaf's abaxial surface is
exposed more to direct solar radiation, which leads to
thinner leaves, smaller stomata, and suppressed leaf
photosynthesis. Thinner leaves have been reported to
benefit CO, fixation by reducing the effective CO, path
length (Terashima et al. 2006, Earles et al. 2018, 2019,
Ellsworth ef al. 2018), which is presumably not enough to
compensate for the decreased leaf photosynthesis caused
by leaf inversion. Further studies are required to determine
the mesophyll conductance to CO, in leaf inversion
treatments.

The stomatal response is a critical physiological
adaptive mechanism that affects H,O transport, heat
transfer, and CO, diffusion, affecting the photosynthetic
capacity and WUE of leaves (Fanourakis et al. 2016,
Earles et al. 2019, Lawson and Vialet-Chabrand 2019,
Harrison et al. 2020). Stomatal regulation often occurs
after T.r increases, leading to the inhibition of CO, flux
into the leaf when the abaxial surface is exposed to direct
solar radiation. Stomatal responses to light intensity
have been shown to vary depending on the genotype
and environmental factors (Durand et al. 2020). Light
intensity has a substantial stimulatory effect on cuticular
permeability and stomatal closure because the stomata are
mainly distributed on the abaxial surface of the leaf, and
they are more sensitive to environmental changes (Soares-
Cordeiro ef al. 2011, Fanourakis et al. 2019). In this study,
leaf inversion significantly reduced the stomatal size on
the abaxial surface of leaves, which might be attributed
to an active adaptation strategy, enabling plants to adapt
to intense direct solar radiation and reduce excessive
transpiration of leaves. Similar results were also observed
in a previous study (Das ef al. 2015).

The stomatal factor was the main reason for the decrease
in Py at a recoverable stress level, while it was considered
that the nonstomatal limitations were the main reason for
the decrease in Py at the unrecoverable stress level (Yu
et al. 2015, Hao et al. 2019). It was reported that salt,
heavy metal, and osmotic stress induce significant changes
in Chl a fluorescence rise kinetics, which elucidated
significant alternations in PSII bioenergetics and many
photosynthetic processes (Yusuf et al. 2010, Adamski et al.
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2011). In the present study, leaf inversion decreased Pl
and Plw, and both normalized L- and K-bands always
showed positive curves, which indicated that leaf inversion
decreased energy connectivity among PSII units and
dissociation of the oxygen-evolving complex (Adamski
et al. 2011). Thus, leaf inversion-decreased Py mainly
attributed to nonstomatal limitation because leaf inversion
reduced electron transport (ET,/CS) and excitation energy
trapping (TRo/CS), whereas leaf inversion did not affect
intercellular CO, concentration (C;). These findings
suggest that the deactivation of PSII reaction center
(RC/CS) might be the main reason for the Py reduction
under leaf inversion. Similar results have been reported for
castor bean (Ricinus communis L.; Dalberto et al. 2017).
The diurnal pattern of Py showed a significantly lower
peak value in the leaf inversion treatment, indicating that
the abaxial surface of leaves, which were exposed to a
more potent solar radiation energy and broader spectra,
reduced the leaf photosynthetic capacity at noon (Fig. 5).
Continuous leaf inversion led to an unrecoverable
reduction in Py at 10 d after leaf inversion, presumably
due to decreased self-repair capability.

Leaf inversion led to an increase in the T by 7.2
and 8.1%, respectively, for the cultivars XD27 and JY60,
compared with those of control plants (Fig. 4). In Vicia
faba plants, the net assimilation rate achieved an optimum
value when the Tir was 26-27°C (Avola et al. 2008).
In this study, the average PAR and air temperature were
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Fig. 6. Effects of leaf inversion
on leaf chlorophyll, carotenoid,
soluble sugar, and starch contents
in leaves of XD27 and JY60.
XD27 and JY60 represent soybean
cultivars Xindadou27 and Jiyu60,
respectively. Chl a — chlorophyll a;
Chl b — chlorophyll b; Chl —
chlorophyll. * indicates significant
difference at the 0.05 probability
level, and NS means nonsignificant
difference (P>0.05). Bars mean
standard error (SE; n = 3).

2,044.2 pumol(photon) m? s and 37°C between 10:00—
18:00 h at 0 d after treatment in two years, respectively.
Leaf inversion treatments reduced the E of leaves, which
was only observed for JY60 in 2019, partly explaining
the increased T Notably, the increased T for the
soybean cultivar JY60 was higher than that of XD27, and
the decreased E was only observed in JY60. These results
suggest that the leaves of JY60 were more sensitive to
direct solar radiation than that of XD27. This result might
be because the abaxial surface of XD27 has a more robust
capability of stomatal regulation to avoid excessive water
loss by leaf transpiration. The leaf inversion treatment
showed a significant photosynthetic break at 14:00 h, and
the value of Py was significantly lower than that of the
control plants. We speculate that this might be attributed
to the low light-saturation point of the abaxial side of the
leaf, which agrees with the results in a study of rose plants
(Paradiso and Marcelis 2012, Paradiso et al. 2020). These
results suggest that leaf inversion increased the Tie.r at 5
and 10 d after treatment, and the light-insensitive cultivar
XD27 has a more robust capability to maintain Ti.,r under
the leaf inversion treatment.

The Pv—PAR response curves of soybean leaves were
fitted accurately using the rectangular hyperbolic model
(Herrmann et al. 2020), as indicated by the R> Leaf
inversion limited plant photosynthesis by decreasing
Prnmax, AQY, and LSP and decreasing the LCP-LSP,
which agrees with previous results (Proietti and Palliotti



1997, Paradiso et al. 2020). The Pnmx Was significantly
lower in all leaf inversion treatments, suggesting that leaf
inversion decreased the potential photosynthetic capacity
of soybean leaves. The AQY is an estimated value of
the maximum efficiency of light congestion during CO,
assimilation (Paradiso and Marcelis 2012). In this study,
the AQY was significantly lower in the leaf inversion for
the light-sensitive cultivar JY60 (P<0.05), but not for the
light-insensitive cultivar XD27 (P>0.05), suggesting that
leaf inversion decreased the utilization of solar radiation
by soybean leaves. Additionally, the LSP and LCP-LSP of
the inverted leaves were significantly reduced, suggesting
that the potential of inverted leaves to use light energy was
weakened. Dark respiration plays a pivotal role in carbon
sequestration in environments that constrain variation in
photosynthesis (Xu et al. 2013). In this study, the leaf
inversion decreased Rp of light-sensitive cultivar JY60
but not light-insensitive cultivar XD27. The reduction of
Rp was beneficial for the plant to maintain its metabolic
balance by reducing the carbon loss of respiration under
low solar radiation conditions. Similar adaptive strategies
have also been observed under shading (Pires ef al. 2011)
and water stress (Xu ef al. 2013). These results suggest
that leaf inversion decreased the potential photosynthetic
capacity of soybean leaves.

Numerous studies have reported that starch degrada-
tion in leaves is responsible for soluble sugar contents
that protect plants against abiotic stress (Couée et al.
2006, Singh et al. 2015, Thalmann and Santelia 2017).
In this study, both soluble sugar and starch contents
decreased in the leaf inversion treatments at 20 d after leaf
inversion for cultivar JY60, while there was no significant
difference between the soluble sugar and starch content
for treatments of the XD27 cultivar in 2018. These results
can be attributed to the decreased Py and the accumulation
of starch in the leaves, which agrees with Igbal et al.
(2019). The decreased soluble sugar in our study might
have resulted from the leaf inversion adaptation process.
Sugars have been reported as signal molecules that protect
cells from protein denaturation by protein—cell membrane
hydrogen bonding during abiotic stress (Keunen et al.
2013). One possible reason is that the abaxial surface
is usually adapted to the lower-energy diffuse solar
radiation. The abaxial surface of leaves exposed to direct
solar radiation caused by leaf inversion decreased the
photosynthetic capacity of soybean leaves, which may
be far greater than its self-repairing capability. Therefore,
both soluble sugars and starch as energy sources decreased
in the leaf inversion treatments at 20 d after leaf inversion.

Photosynthesis is a complex physiological process
in which sunlight is converted into chemical energy in
carbohydrates. Chl is an essential molecule in this process
because it is the central pigment in photosynthesis. If its
content is lowered, less solar energy is harvested, resulting
in a decreased photosynthetic rate (Wen ez al. 2011, Yan
et al. 2015). In this study, when the abaxial surface was
exposed to direct solar radiation, the Chl a, Chl b, total
Chl, and carotenoid contents of JY60 decreased 10 d
after treatment, while there was no significant difference
between the Chl a, Chl b, total Chl, and carotenoid contents
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of the treatments in the XD27 cultivar. The Chl content
was closely related to Px, which agrees with the results of
Yao et al. (2017). The decreased Pn of JY60 in the main
stem leaves treated with leaf inversion partly resulted
from the decreased Chl content, which probably decreased
the light energy conversion. Carotenoid content plays a
vital role in protecting the photosynthetic apparatus from
photooxidation damage (Demmig-Adams and Adams
1996). The decrease in carotenoid content in inverted
leaves of JY60 aggravates the photooxidation damage of
leaves under high light and high temperatures in summer.
The results of this study supported our hypothesis that
the frequent occurrence of monsoon winds usually leads
to inverted soybean leaves, which reduces gas exchange
of leaves, and then reduces plant photosynthesis and
nonstructural carbohydrates in soybean leaves. Further
research may explore traits associated with mesophyll
conductance to CO; in leaf inversion treatments for both
cultivars. A recent study showed that the application of
potassium, green leaf volatiles, and straw mulch-based no-
tillage could protect plants against damage from abiotic
stress by activating antioxidant enzymes and osmolyte
accumulation (Singh e al. 2015, Cao et al. 2019, Tian et al.
2019, Yang et al. 2020). This study provides a theoretical
basis for exploring a possible methodology for alleviating
the decrease in plant photosynthesis under leaf inversion.

Conclusions: The abaxial surface of fully expanded leaves
exposed to direct solar radiation decreased the Py and
Prmax by 25.8 and 32.0%, respectively, at the seed-filling
stage, which can be attributed mainly to the deactivation
of PSII reaction center (RC/CS). Leaf inversion leads to
smaller stomata and thinner leaves, and the T\ increased
by 7.6% at 10 d after leaf inversion, partly because of
decreased E. The light-insensitive cultivar XD27 showed
a higher capability to maintain T, WUE, AQY, soluble
sugar, and chlorophyll under leaf inversion than the
light-sensitive cultivar JY60. The AQY decreased in
leaf inversion treatments, suggesting that leaf inversion
decreased the potential photosynthetic capacity. Leaf
inversion decreased the soluble sugar content of soybean
leaves, suggesting that monsoon-induced leaf inversion
reduced leaf photosynthesis, which might be attributed
to decreased self-repairing capability after leaf inversion.
This study provides a more comprehensive understanding
of the effect of leaf inversion on leaf photosynthesis and
the outputs of nonstructural carbohydrates. Future studies
using green leaf volatiles, foliar potassium fertilizers,
and straw mulching are required to explore a possible
methodology for reducing the photosynthetic damage
caused by monsoon-induced leaf inversion.
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